The purpose of this review is to define possible breeding objectives for Southern African beef cattle farmers and to review different means of expressing genetic reproductive merit. The breeding objective considered was to maximize the number of calves born or weaned for a given number of cows in a herd under prevailing environmental and management conditions. This is a complex trait that has many components. While this trait is clearly a function of the reproductive ability of each cow, it is also affected by the age structure of the herd. A number of auxiliary or index traits are used to assess this objective and their merits, shortfalls and requirements in terms of data collection are discussed. It was evident that the trait of choice was influenced by the management system. Fewer component traits can be measured and incorporated as variables in a genetic model in more extensive systems. Since South African beef cattle production systems tend to be semi-extensive or extensive, traits to consider include calving rate, calving success, calf survival, days to calving, age at first calving, calving date, calving ease and calving interval. _______________________________________________________________________________________
Introduction
Estimated breeding values for growth traits are reported without any indication of reproductive ability in the South African national genetic evaluation scheme. This can lead to the assumption that differences between animals in respect of genetic merit for reproduction and fitness traits are trivial, a view often shared by beef cattle breeders. The current recording scheme of the National Beef Cattle Performance Testing Scheme of South Africa was implemented in 1959. In Phases A and B of this scheme, farmers keep pedigree records and weigh animals at birth, weaning, yearling age and 18 months of age. A few farmers weigh cows at birth and at weaning of the calves. Thus, reproduction information for cows can only be derived from birth notifications and weights of their offspring, since no data on the reproductive performance of the female animals themselves are recorded.
Estimated breeding values for fertility traits in females are difficult to estimate because the expression of reproductive potential is often constrained by the management system employed (Notter, 1988; Notter & Johnson, 1988; Meyer et al., 1990; Notter, 1995a) , and depends on the existing recording scheme used for the breed. Most animals will reproduce when managerial and nutritional conditions are optimal, but in less favourable conditions only those with the highest genetic merit for reproductive fitness will reproduce (Morris, 1980; Notter, 1995a) . Relatively few heritability estimates have been reported for female reproductive traits in beef cattle. These reports do, however, indicate that reproductive traits in beef cattle are heritable. Although heritabilities for cow reproductive traits are reported to be low (Davenport et al., 1965; Dearborn et al., 1973) , some studies from subtropical environments have reported moderate heritabilities (Deese & Koger, 1967; Cruz et al., 1978; Thorpe et al., 1981; Turner, 1982; Rust & Kanfer, 1998) .
The purpose of this review is to define possible reproductive breeding objectives for Southern African beef cattle farmers and to assess the suitability of different measures of reproductive merit for use in the South African National Genetic Evaluation scheme.
The breeding objective and selection criteria
An objective must be defined for the breeding program under consideration prior to performing a genetic evaluation of female reproduction traits. We consider the overriding objective to be the maximisation of the number of calves born or weaned for a given number of cows in a herd under prevailing environmental and management conditions. It should be noted that this is a complex trait that has many components. While this is clearly a function of the reproductive ability of each cow, it is also affected by the age structure of the herd. In the following discussion we concentrate on the performance of individual animals only, and disregard herd structure as well as between-breed variation in the onset of puberty. A number of auxiliary or index traits have been used to assess this objective. Figure 1 gives examples of the reproductive events in the lifespan of two cows within a herd. The first cow produced three calves over the time t 1E to t 1X (the time the cow was in the herd). Likewise, cow 2 produced three calves while in the herd, but over a shorter time span -t 2E to t 2X. Unfortunately, very few of the events listed in Figure 1 are measured in South Africa, as is the case in most beef-rearing countries. In most instances only calving dates and weights at specified times of the calf's life are recorded.
Cow 1
Cow 2
B = birth date of the cow; E = date of entering the herd; H 1-n = oestrus; O 1-n = ovulation; J 1-n = joining; M 1-n = mating; P 1-n = pregnancy; * 1-n = calving; _ = no calving; X = exit date; BW o = cow's own birth weight; BD o = cow's own birth date; BW c1…n = birth weights of calves; BD c1…n = birth dates of calves; t nE = time of entry into herd; t nX = time of exit from herd Figure 1 Schematic representation of the reproductive cycle of two cows and times at which measurements are made in the current South African Beef recording scheme Attempts to understand the genetics of a composite trait such as overall reproductive performance can involve two approaches. The trait to be investigated can consist of the overall reproductive performance itself or, alternatively, its constituent components. It is to be expected that these "component" traits will have different heritabilities. This invokes the possibility of concentrating on the most important components during selection and thereby possibly achieving a higher overall selection response. The first group of traits shown in Figure 1 refer to events in the reproductive cycle of the cow, and represent component traits. Calving ease is only indirectly related to reproductive performance in that a difficult calving may impact on the following conception. The second groups of traits, the aggregate traits, are compositions of more than one event in the reproductive cycle of the cow. Traits that do not rely on an event happening are grouped under other traits.
Component traits
For a fixed breeding season, time to first oestrus is defined as the number of days elapsed until a cow shows first oestrus. As such it can be measured on each animal at each parity. Evidence of a link between time to first oestrus and overall reproductive performance is not strong. Clearly, an animal with a longer time to oestrus will produce fewer calves over a given period. Because the conditions under which South African farms are managed are mainly extensive, time to first oestrus cannot be measured easily as it involves close observation of the herd on a regular basis. Heritabilities for time to first oestrus for first, second and last parity are 0.05, 0.10 and -0.03 respectively (Azzam & Nielsen, 1987) .
Number of services per conception is an indirect measure of one of the major time components in the reproductive cycle that shows large variation between animals; i.e. the time lapse between two calves. It requires the recording of each service, which is rarely available under natural service conditions. Heritability estimated from paternal half sister correlations was 0.64, indicating considerable genetic variation among heifers for the number of services needed for conception in the first calving (Milagres et al., 1979) . Pregnancy rate is defined for each cow in each year. A score of '1' is allocated for a successful pregnancy and a score of '0' is assigned to other cases. It is a binary trait and requires pregnancy detection to be done on the herd. Dearborn et al. (1973) estimated a heritability of 0.09, which corresponds well with the simulated heritability of 0.096 used by Johnson & Notter (1987) . Results of Morris & Cullen (1994) generally showed a negative genetic correlation with yearling (-0.30) or lifetime pregnancy rate (-0.29). Recording of this trait is time consuming and expensive (Morris & Cullen, 1994) .
Gestation length varies between animals. Being a time component in the reproductive cycle, this will also impact on the overall reproductive performance of the animal. However, this relationship will not be strong, as the variance in gestation length is small relative to the variation in calving interval. It also requires that two dates, i.e. service and calving, be observed and recorded. The date service date, in particular, is rarely recorded under natural service conditions. Bourdon & Brinks (1982) used a paternal half-sib analysis and least-squares procedure to compute a heritability of 0.36 for bulls and 0.37 for heifers for gestation length. These estimates were similar to those compiled by Andersen & Plum (1965) , but were smaller than the heritability of 0.48 estimated by Burfening et al. (1978) for Simmentaler cattle. Heritabilities for gestation length for first, second and last parities were 0.14, 0.45 and 0.36 respectively (Azzam & Nielsen, 1987) . Using Herderson's Method III, Wray et al. (1987) estimated the heritability for gestation length for Simmentaler cattle to be 0.374 from the sire variance and 0.09 from the maternal grandsire variance.
Days-to-calving was computed by Meyer et al. (1990) and Johnston & Bunter (1996) as the interval in days between the first joining date for cows and subsequent calving. This is a continuous variable. Johnston & Bunter (1996) suggested that a penalty of 21 days should be applied to non-calvers in joining management groups. Days-to-calving and calving date give the same information when the cows to be compared went into breeding on the same day. This is almost never the case with field-data, especially with between-herd analysis. Meyer et al. (1990) fitted an animal repeatability model that included an effect due to animal other than additive genetic as an additional random effect for each animal. This effect was assumed to be identically, independently distributed and not correlated with the animals' additive genetic effects. Meyer et al. (1990) estimated pooled heritabilities for days to calving of 0.05 for Hereford, 0.08 for Angus and 0.09 for Zebu crosses, with repeatabilities of 0.22, 0.10 and 0.18 respectively. Pooled heritability estimated by Johnston & Bunter (1996) was 0.11 for subsequent days to calving. Johnston & Bunter (1996) estimated a heritability of 0.11 (Table 1) for calving success, and a very high genetic correlation (r g = -0.97) between days to calving and calving success.
A reduced age at first calving will increase the number of calves born for a given number of animals (i.e. the herd). An advantage of this index is that age at first calving can be computed without the need for additional data recording as the birth date of the cow and its first calving date are generally known. The biggest disadvantages are that it only represents one component in the reproductive life of a cow, and that it is only recorded for heifers. Furthermore, in a variable seasonal environment, age at first calving reflects management decisions to a greater extent than genetic merit. Because of seasonal nature of production differences due to management strategies, the resulting variance in reproductive performance will not reflect true genetic differences. Thus, under South African conditions, age at first calving would not seem to be a useful trait for predicting female reproductive performance. Repeatability for early calving was found to be low (0.14) in the study of Harwin et al. (1969) . In a study reported by Lesmeister et al. (1973) , heifers that initially calved earlier tended to calve earlier throughout the remainder of their productive lives; however, repeatability estimates from this study were low (0.092 and 0.105). A low heritability estimate (0.07) was calculated by Bourdon, & Brinks (1982) who found the correlations between age at first calving and growth traits consistently negative, indicating a favourable relationship between breeding values for growth and early reproduction. Rust and Kanfer (1998) reported heritabilities for two indigenous South African beef cattle breeds of 0.27 and 0.30 respectively.
Calving date is defined as the day of the year on which the cow calves (Notter, 1995b) . It allows comparison between cows when joining is of the same duration and starts on the same date, but does not distinguish between cows calving in the same 21-day period (one oestrus cycle) (Notter, 1988) . To overcome this, cows can be classified into 21-day calving groups (Lesmeister et al., 1973; Bailey et al., 1985; Marshall et al., 1990) .
The classification of cows that do not calve in a specific year is problematic. A procedure using threshold theory to calculate penalties for open cows was proposed by Notter & Johnson (1988) . This method assumes a normal distribution of the trait and a predicted value for all non-calvers (x) of
where p = the proportion of cows calving; z = the height of the ordinate at the truncation point (t) of the normal distribution; s = {s
½ the standard deviation of the trait; s 2 1 = the observed variance amongst calves. This method was used by several researchers (Buddenberg et al, 1990; Meyer et al., 1990) to calculate the value for non-calvers. In the study of Meacham & Notter (1987) , first and second calving date records of animals that calved at the age of two years for the first time were used in variance component estimation. Calculations were performed using the nested analysis of variance procedure of SAS (1985) . Heritabilities (h 2 ) were estimated as h 2 = 4ó 2 s / ( ó 2 s + ó 2 e ). Genetic correlations (r G ) were estimated from sire components of variance and covariance. The pooled heritability estimates were 0.17 for first calving and 0.07 for second calving. The genetic correlation between first and second calving dates was 0.66, and it seemed to be a useful selection criterion for improving reproductive fitness. Heritability estimates for calving date are presented in Table 1 . In contrast to the study of Azzam & Nielsen (1987) , Buddenberg et al. (1990) reported that heritability estimates declined from first to last parity. Repeatabilities for calving date of 0.14, 0.10, 0.12, 0.26 and 0.23 were estimated by Harwin et al. (1969) , Lesmeister et al., (1985) , López de Torre & Brinks (1990) and Rege & Famula (1993) respectively. This trait is not appropriate for use in the South African National Analysis scheme because the starting date and duration of joining within the same breed differs between breeders in different climatic regions.
Calving ease has an indirect effect on overall reproductive performance in that the calving interval tends to be extended following a difficult calving. The trait requires observation of calving in order to distinguish between more than two categories of ease of calving, and can therefore only be obtained in wellcontrolled production environments. Sire is a significant source of variation for calving ease score in 2-year old and mature dams (Burfening et al., 1979) . The correlations of sire estimated progeny differences for calving ease between 2-year old dams and 3-year old dams with mature dams, were estimated to be 0.46 and 0.21 respectively. Notter (1988) summarized direct heritabilities for calving ease ranging from 0.07 to 0.38 and for maternal effects ranging from 0.07 to 0.18.
Calving interval is a trait that combines many of the component traits discussed above, and is similar to aggregate traits. CI is the time between two successive calvings. Thus, it is only available for cows from the second parity onwards. Because it is based only on the period between two calvings, it can be computed from minimal data, but does not take information from the first parity or the end of a cow's life span into account. Bourdon & Brinks (1983) and Meacham & Notter (1987) concluded that calving interval did not appear to be a useful criterion for improving female reproduction because of the relatively low estimated heritability for calving interval. However, calving interval is useful as a measure of reproductive ability when there is no fixed breeding season and cows calve throughout the year. Heritability estimates for calving interval are low. Estimates reported by Brown et al. (1954) , Lindley et al. (1958 ), Fagerlin (1968 , Schalles & Marlowe (1969) and López de Torre & Brinks (1990) were 0.01, 0.07, 0.03, 0.03 and -0.03 respectively. Repeatability of calving interval was estimated to be 0.03 (Plasse et al., 1966) , 0.02 (Schalles & Marlowe, 1969) , -0.05 (Bailey et al., 1985) and 0.14 (López de Torre & Brinks, 1990) . Repeatability estimates of calving interval between the second and third years of age and between the third and fourth years of age were found to be negative (Werth et al., 1996) .
Aggregate traits
While component traits refer to one event in the lifetime of a cow, aggregate traits are composites of more than one event. For the aggregate traits to be measured more than one event must occur and be measured.
Calving rate is a lifetime measure of the reproductive performance of a cow. It is defined as the number of calves born divided by the number of opportunities a cow has had to calve. Calving rate is a binary trait for cows with one parity, but becomes more continuous as the number of parities increases. Because it is an average of the (different) number of parities of each cow, calving rate has variable accuracy depending on the number of parities involved. This must be taken into account by using a different residual variance for each record. Furthermore, herd entry and exit dates as well as the pregnancy status of cows exiting the herd must be recorded to enable this trait to be computed correctly. This information is rarely available in the South African recording system. Lifetime pregnancy rate, defined as the number of pregnancies divided by the number of mating years for an animal (Morris & Cullen, 1994) can be calculated from pregnancy rate. As discussed previously, this trait is time consuming and expensive to record.
Calving success can be defined for each cow in the herd for each year. Calving success is, thus, a binary trait with scores of '1' for successful calvings and '0' when no calves was born. In addition to calving date, entry and exit dates of each cow must be available. As in the case of calving rate, information on the pregnancy status of cows exiting the herd is crucial. Although it is similar to calving rate, this trait has multiple measurements for each cow and is evaluated as a repeatability trait in genetic analysis. Johnston & Bunter (1996) estimated a heritability of 0.11 (Table 1) for calving success. Deese & Koger (1967) estimated moderate to high heritabilities for calving success (they termed it calving rate and defined it as a binary trait: pregnant = 1; other = 0). Heritabilities of binary data were adjusted to a normal basis with the equation suggested by Van Vleck (1972) : h² = h² b P[p-1] / z² where h² b = heritability estimated in binomial scale; h² = heritability in normal scale; p = frequency of noncalvers; z = height of the distribution at the threshold point. Milagres et al. (1979) estimated heritabilities for early calving rate at two years of age, defined as calf born = 1 and no calf = 0, from paternal half sister correlations using Harvey (1976) .
The survival of a calf after birth is clearly a component of overall reproductive performance. It is a binary trait and is available for each parity for each cow that has calved. Calf survival was defined by Milagres et al. (1979) as the dependent variables calf born alive (1) or dead (0). This is similar to the calving rate defined by Deese & Koger (1976) , Milagers et al. (1979) and Mackinnon et al. (1990) , and calving success defined by Meyer et al. (1990) . The heritability estimated from paternal half sister correlations was 0.64 on the binary scale, with the adjusted heritability (calculated using the equation proposed by van Vleck, 1972) greater than one (1.25 ± 0.35).
Other traits
Traits in this category were defined as those whose measurement does not require an event or number of events to occur.
Twinning rate appears to be promising method of increasing the number of calves produced by a cow in her lifetime. This will increase the overall productive performance in a herd. Heritability estimates for ovulation rate are summarized in Table 1 . Large differences between breeds are evident. Van Vleck et al. (1991) reported genetic correlations between twinning rate and ovulation rate of between 0.38 and 1.00. This suggested that selection for twins can be done indirectly by measuring ovulation rate in estrus cycles of pubertal heifers (Echternkamp et al., 1990; Van Vleck et al., 1991) . While there may be circumstances where twinning is desirable, the study by Gregory et al. (1990b) documented various negative consequences of increased twinning rate that must be addressed before the potential of twinning can be exploited. These include increased dystocia, reduced calf survival at birth and reduced re-breeding performance of cows that gave birth to twins. Twins are usually considered a disadvantage due to the extra management input they require under extensive South African farming conditions. Milagres et al. (1979) Puberty heifers 0.64 Pregnancy rate Dearborn et al. (1973) 
Conclusions
The times at which measurements for various traits have to be taken are shown in Table 2 . It is evident that only two traits consider the lifetime production of the animal as one measurement, viz. age at first calving and calving rate. All other traits must be measured repeatedly over the lifetime of the cow. The intensity of the farming management system will limit the number of traits that can be measured as well as the frequency with which they can be measured. For example, measurement of a trait such as number of services per conception is feasible in an intensive farming system but almost impossible in semi-intensive or extensive management systems. Measurement of pregnancy rate and ovulation rate requires specialised skills and apparatus, and is expensive. Indices of genetic reproductive merit that are easily measured in most management systems at low cost would be appropriate for use in the South African National Genetic Evaluation scheme. Such traits include age at first calving, calving success, calving interval, calving rate, calf survival, days to calving and caving date. It should be noted that inclusion of these traits may jeopardize the reliability of breeding values, and that model specification for these traits is usually difficult. It is recommended that joining dates, herd entry and exit dates and the pregnancy status of animals exiting the herd should be recorded. 
